In this study, a kind of strapped resonator is proposed to deal with high power wireless power transfer (WPT) in microwave regimes. In many specific applications, such as high power microwave wireless power transfer system (WPT), a coil resonator is not suitable due to the frequency limitations. The high cost of the high-permittivity dielectric resonators also limits their application. As a high Q resonator, the strapped resonator is often used in the anode structure of a magnetron. The field distribution of π and π + 1 modes allow the system to operate in dual-frequency mode. Numerical simulation and experimental validation show that with a certain distance, the system provides power transfer efficiency of more than 80% and 70% at 630 MHz and 970 MHz, respectively. Compared to the system based on dielectric resonators, the proposed system has higher power capacity. The leakage and radiation loss of the system is also discussed using numerical methods.
Introduction
Wireless power transfer (WPT) was first proposed by Tesla in the 19th century [1] . However, this idea did not draw the attention of researchers for nearly a century. Since the end of the 20th century, with the rapid development of electronic technology, a variety of consumer electronic products and medical electronic equipment has appeared in people's daily lives. These electronic devices are usually highly dependent on their power supplies. In many cases, wired charging is limited in convenience. Thus, in recent years, the concept of WPT has been revisited by researchers, and several WPT systems have been reported [2] . According to the transmission mechanism, there are three options for the wireless power transfer system [3] [4] [5] [6] . The first mechanism uses antenna or array to radiate electromagnetic waves with high power to the far field [4] . This method is suitable for long-distance WPT. The second way is based on the law of electromagnetic induction, which uses the electromagnetic induction between the metal coils to achieve wireless power transfer [5] . The third way is to use the coupling between the resonators [6, 7] . Generally, electromagnetic resonance coupling is suitable for high-frequency near-field WPT. It depends on the magnetic-electric coupling between two high-Q resonators. For example, a group from Massachusetts Institute of Technology(MIT) demonstrated that WPT efficiency can be enhanced via resonant coupling [3] . Since then, after years of development, many scientific researchers have been attracted to this concept [8] [9] [10] [11] [12] [13] . Several solutions based on various types of resonators have been proposed to deal with the most pressing problems of improving efficiency and transmission distance, and meaningful results were obtained. However, in many specific applications, such as high power WPT in microwave regime, coil resonators cannot meet the requirements [13] . In addition, the dielectric resonator (DR) is also limited in high power WPT, due to its large temperature drift [2, 14] . Therefore, resonators with higher power capacity and low temperature drift are the key to solving the above problems. In this paper, we explore a structural model based on non-dielectric resonance for WPT in order to overcome the limitations mentioned above. In the new method, a strapped resonator (SR) with four vanes is designed and fabricated. The SR is often used as the anode of high power electric vacuum devices. It has the advantages of high quality factor, low temperature drift and high power capacity [15] . Usually, the internal space of the SR is divided into several sub-cavities by the vanes. When the SR resonates at the fundamental mode, the phase difference of the electric field between adjacent sub-cavities is π. Therefore, the fundamental mode is also called π mode. The first high-order mode is called π + 1 mode [15] . Compared to the DR, the SR has higher mode separation [16] . The unique resonant characteristics of the strapped resonator ensure the wireless power transfer system operates in multiple modes [15] . The field distribution of the two resonant modes (π mode and π + 1 mode) facilitates the coupling between the resonators to achieve efficient WPT. Therefore, the strapped resonator provides a new option for high power near-field WPT systems.
Analysis of the Strapped Resonator
The WPT system based on strapped resonators (SR) is shown in Figure 1a . The system consists of two strapped resonators. The distance between the source resonator and load resonator is l. One coaxial probe is used to excite the source resonator, while another one is used to receive the power from the load resonator. Figure 1b shows the structure of the SR. The structure of the SR consists of three parts. The first part is a metal shell. The second part consists of four metal vanes that divide the interior of the structure into four sub-cavities. The third part consists of two pairs of strapped rings, which connect the four vanes alternately. The strapped ring can improve the mode separation so that the resonant frequency of fundamental mode is far away from the resonant frequency of high-order mode. Figure 1c shows the internal structure of a single strapped resonator. The details of the single SR are shown in Table 1 . resonators with higher power capacity and low temperature drift are the key to solving the above problems. In this paper, we explore a structural model based on non-dielectric resonance for WPT in order to overcome the limitations mentioned above. In the new method, a strapped resonator (SR) with four vanes is designed and fabricated. The SR is often used as the anode of high power electric vacuum devices. It has the advantages of high quality factor, low temperature drift and high power capacity [15] . Usually, the internal space of the SR is divided into several sub-cavities by the vanes. When the SR resonates at the fundamental mode, the phase difference of the electric field between adjacent sub-cavities is π. Therefore, the fundamental mode is also called π mode. The first high-order mode is called π + 1 mode [15] . Compared to the DR, the SR has higher mode separation [16] . The unique resonant characteristics of the strapped resonator ensure the wireless power transfer system operates in multiple modes [15] . The field distribution of the two resonant modes (π mode and π + 1 mode) facilitates the coupling between the resonators to achieve efficient WPT. Therefore, the strapped resonator provides a new option for high power near-field WPT systems.
The WPT system based on strapped resonators (SR) is shown in Figure 1a . The system consists of two strapped resonators. The distance between the source resonator and load resonator is l. One coaxial probe is used to excite the source resonator, while another one is used to receive the power from the load resonator. Figure 1b shows the structure of the SR. The structure of the SR consists of three parts. The first part is a metal shell. The second part consists of four metal vanes that divide the interior of the structure into four sub-cavities. The third part consists of two pairs of strapped rings, which connect the four vanes alternately. The strapped ring can improve the mode separation so that the resonant frequency of fundamental mode is far away from the resonant frequency of high-order mode. Figure 1c shows the internal structure of a single strapped resonator. The details of the single SR are shown in Table 1 . The resonance characteristics of the strapped resonator are investigated using numerical simulation. Eigen-mode simulations are carried out by commercial software CST (Computer Simulation Technology) Microwave Studio. In the simulation model, to calculate the unloaded quality factor Q 0 , the material of the SR is set to be oxygen-free copper (with electrical conductivity of 3.56e + 007 S/m). The frequency of the fundamental resonant mode is 0.65 GHz. The field distribution of the fundamental mode is shown in Figure 2 . As shown in Figure 2a ,b, in the adjacent sub-cavities, the fields have the same amplitude but opposite direction. The phase difference of the oscillations in the two adjacent sub-cavities is π. Thus, the fundamental mode is named as π mode. The resonance characteristics of the strapped resonator are investigated using numerical simulation. Eigen-mode simulations are carried out by commercial software CST (Computer Simulation Technology) Microwave Studio. In the simulation model, to calculate the unloaded quality factor Q0, the material of the SR is set to be oxygen-free copper (with electrical conductivity of 3.56e + 007 S/m). The frequency of the fundamental resonant mode is 0.65 GHz. The field distribution of the fundamental mode is shown in Figure 2 . As shown in Figure 2a ,b, in the adjacent sub-cavities, the fields have the same amplitude but opposite direction. The phase difference of the oscillations in the two adjacent sub-cavities is π. Thus, the fundamental mode is named as π mode. Figure 2c,d illustrate the electric and magnetic fields from longitudinal view. The magnetic field distributes away from the center of the structure and its direction is axial. In contrast, the electric Figure 2c,d illustrate the electric and magnetic fields from longitudinal view. The magnetic field distributes away from the center of the structure and its direction is axial. In contrast, the electric field distribution is closer to the center of the structure and its direction is radial. Therefore, with proper excitation, the strapped resonator can exhibit a strong π mode magnetic resonance. The field Appl. Sci. 2018, 8, 2341 4 of 10 distribution characteristics of the π mode are suitable for transferring power from one resonator to another through magnetic coupling. Figure 3 illustrates the electromagnetic field distributions of the first higher mode (π + 1 mode) from the longitudinal section view. The π + 1 mode field between two adjacent cavities is continuous. The directions of the magnetic fields in adjacent cavities are the same. Unlike the π mode, the π + 1 mode does not exhibit significant magnetic resonance or electrical resonance. When the system operates at π + 1 mode, mixed coupling will play the major role in wireless power transfer.
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(a) (b) The quality factor of the strapped resonators are also analyzed, since they are directly related to the transfer efficiency of the system.
The quality factor of a resonator is defined as [17] ,
In practice, the resonator is coupled to other components which will have an effect on the overall Q. So the quality factor Q can be also expressed as,
where ω0 is the resonant angular frequency, W is the average stored energy in the resonator, Pi_loss is the power lost inside the resonator, Pe_loss is the power coupled to outside the resonator. Disregarding external loading effects, the unloaded quality factor is defined as,
In a metal cavity resonator, Pi_loss is the power dissipated in the cavity walls and Pe_loss is the power coupled to outside of the resonator.
Regarding external loading effects, the external quality factor can be expressed as, 
The value of Q0 will decrease as Pi loss increases, while the value of Qe decreases as the external coupling of the resonator increases. The values of Q0 and Qe is generally different. The value of Q0 is The quality factor of the strapped resonators are also analyzed, since they are directly related to the transfer efficiency of the system.
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The value of Q 0 will decrease as P i_loss increases, while the value of Q e decreases as the external coupling of the resonator increases. The values of Q 0 and Q e is generally different. The value of Q 0 is Appl. Sci. 2018, 8, 2341 5 of 10 difficult to measure but can be calculated by Eigen-mode simulation. The value of Q e can be obtained by measurement.
The values of Q 0 of the π and π + 1 modes are calculated to be 450 and 700, respectively. To obtain Q e , a strapped resonator is fabricated and tested. A coaxial probe is used to excite the π mode and π + 1 mode resonances. By adjusting the position of the coaxial probe, the best impedance matching can be achieved with d 4 = 8.5 mm. The Q e factor is calculated using group delay [17] ,
where f r is the resonant frequency and τ r is the reflected group delay at the resonant frequency. Both of them can be measured using a vector network analyzer (VNA). As shown in Figure 4 , the resonant frequency and reflected group delay of the strapped resonator are measured using a VNA (E8361A, from Agilent). The measured results are shown in Figure 5 . Two reflection zeroes at f π = 650 MHz and f π+1 = 970 MHz mark the resonant frequencies of the π and π + 1 modes, respectively. The corresponding group delays at the two resonant frequencies are 81 ns and 181 ns. The values of Q e are calculated to be 82 and 275 according to Equation (5).
Appl. Sci. 2018, 8, x FOR PEER REVIEW 5 of 9 difficult to measure but can be calculated by Eigen-mode simulation. The value of Qe can be obtained by measurement.
The values of Q0 of the π and π + 1 modes are calculated to be 450 and 700, respectively. To obtain Qe, a strapped resonator is fabricated and tested. A coaxial probe is used to excite the π mode and π + 1 mode resonances. By adjusting the position of the coaxial probe, the best impedance matching can be achieved with d4 = 8.5 mm. The Qe factor is calculated using group delay [17] ,
where fr is the resonant frequency and τr is the reflected group delay at the resonant frequency. Both of them can be measured using a vector network analyzer (VNA). As shown in Figure 4 , the resonant frequency and reflected group delay of the strapped resonator are measured using a VNA (E8361A, from Agilent). The measured results are shown in Figure 5 . Two reflection zeroes at fπ = 650 MHz and fπ+1 = 970 MHz mark the resonant frequencies of the π and π + 1 modes, respectively. The corresponding group delays at the two resonant frequencies are 81 ns and 181 ns. The values of Qe are calculated to be 82 and 275 according to Equation (5). 
Simulation and Experiment Results
The performance of the proposed WPT system based on SR was numerically simulated and experimentally validated. Figure 6 illustrates the magnetic field distribution in the system. When the system is operating at the π mode, the resonators are primarily coupled by magnetic field. The difficult to measure but can be calculated by Eigen-mode simulation. The value of Qe can be obtained by measurement.
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The performance of the proposed WPT system based on SR was numerically simulated and experimentally validated. Figure 6 illustrates the magnetic field distribution in the system. When the system is operating at the π mode, the resonators are primarily coupled by magnetic field. The working state of the system operating at the π + 1 mode is shown in Figure 6b . As shown in Figure 6b , part of the energy can also be coupled from the source resonator to the load resonator by magnetic field.
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working state of the system operating at the π + 1 mode is shown in Figure 6b . As shown in Figure  6b , part of the energy can also be coupled from the source resonator to the load resonator by magnetic field. A simulation model for WPT is established as shown in Figure 7a . Referring to Figure 1a , the experimental setup is shown in Figure 7b . Two resonators are connected to a vector network analyzer (VNA) by coaxial lines. In order to get more convincing simulation results, both test environment and package structure of the SR shown in Figure 7b are taken into account in the model. In terms of the S parameters, the efficiency of the system can be calculated by,
where S21 is the transmission coefficient and S11 is the reflection coefficient. Figure 7c ,d illustrate the WPT efficiency in different operation modes. The measured results closely match the simulated results. When the system operates in the π mode, the efficiency is over 80%, while in the π + 1 mode, the efficiency of the system can still reach 70%. From simulation and experiment results, both of π and π + 1 modes can be used for WPT with high efficiency. However, as shown Figure 6 , it is obvious that the system stability of the π mode is better than π + 1 mode due to stronger coupling in the π mode resonant magnetic field. As shown in Figure 2b , the magnetic field of the π mode is axially distributed throughout the resonator. When the system operates at the π mode, the coupling is weakly affected by the distance within a certain range. Therefore, the system stability is stronger. A simulation model for WPT is established as shown in Figure 7a . Referring to Figure 1a , the experimental setup is shown in Figure 7b . Two resonators are connected to a vector network analyzer (VNA) by coaxial lines. In order to get more convincing simulation results, both test environment and package structure of the SR shown in Figure 7b are taken into account in the model. In terms of the S parameters, the efficiency of the system can be calculated by,
where S 21 is the transmission coefficient and S 11 is the reflection coefficient. Figure 7c ,d illustrate the WPT efficiency in different operation modes. The measured results closely match the simulated results. When the system operates in the π mode, the efficiency is over 80%, while in the π + 1 mode, the efficiency of the system can still reach 70%.
obvious that the WPT system based SR operating at the π mode and the π + 1 mode shows great advantage towards MIT's systems [3] . In 0 < d/λ < 2, the efficiency of the operation modes of the proposed system is about 5% higher than MIT's system. In 2 < d/λ < 8, the efficiency of the proposed system is still stable above 90%, but the efficiency of MIT's system drops from 82% to 30%. From simulation and experiment results, both of π and π + 1 modes can be used for WPT with high efficiency. However, as shown Figure 6 , it is obvious that the system stability of the π mode is better than π + 1 mode due to stronger coupling in the π mode resonant magnetic field. As shown in Figure 2b , the magnetic field of the π mode is axially distributed throughout the resonator. When the system operates at the π mode, the coupling is weakly affected by the distance within a certain range. Therefore, the system stability is stronger.
Discussion
The comparison of the proposed system and the system proposed by MIT's group is carried out using numerical simulation. In simulation, the material of the resonators is set to be perfect conductor (PEC) to eliminate the metal loss. Thus, in the simulation, the efficiency is only impacted by leakage and radiation loss. To compare the WPT systems working at different frequencies, the distance was normalized by the corresponding operational wavelengths. As shown in Figure 8 , it is obvious that the WPT system based SR operating at the π mode and the π + 1 mode shows great advantage towards MIT's systems [3] . In 0 < d/λ < 2, the efficiency of the operation modes of the proposed system is about 5% higher than MIT's system. In 2 < d/λ < 8, the efficiency of the proposed system is still stable above 90%, but the efficiency of MIT's system drops from 82% to 30%. The power capacity of the proposed system is also investigated using simulation. Both dielectric resonator (DR) and metal cavity resonator have high power capacity. They can operate and can be applied in high power WPT in microwave regime.
The maximum electric fields in each system are shown in Figure 9 when the operating frequency (650 MHz) is the same. The electric field of the systems are excited by a signal with an average power of 1W. The maximum electric field in the proposed system is distributed around the input coaxial line and the strapped rings with an amplitude of 16 V/cm, while the maximum electric field in the system based on DR is distributed between the feeding structure and the source resonator with an amplitude of 35 V/cm. To achieve the breakdown voltage of air [18, 19] , the input power of the proposed system should be 1800 W, while the input power of the DR system must be higher at 950 W. Therefore, the power capacity of the proposed system is 94% higher than the DR system. The power capacity of the proposed system is also investigated using simulation. Both dielectric resonator (DR) and metal cavity resonator have high power capacity. They can operate and can be applied in high power WPT in microwave regime.
The maximum electric fields in each system are shown in Figure 9 when the operating frequency (650 MHz) is the same. The electric field of the systems are excited by a signal with an average power of 1W. The maximum electric field in the proposed system is distributed around the input coaxial line and the strapped rings with an amplitude of 16 V/cm, while the maximum electric field in the system based on DR is distributed between the feeding structure and the source resonator with an amplitude of 35 V/cm. To achieve the breakdown voltage of air [18, 19] , the input power of the proposed system should be 1800 W, while the input power of the DR system must be higher at 950 W. Therefore, the power capacity of the proposed system is 94% higher than the DR system.
From the perspective of cost, the SR is made of metal and is inexpensive to manufacture compare to DR. In addition, the metal resonator is easy to package and integrate with high power devices. 
Conclusions
A WPT system based on strapped resonators was proposed in this paper. With the proper excitation, two resonance modes, the π and π + 1 modes, can be excited inside the strapping resonator, which allows the WPT system to operate in dual-frequency mode. For the π mode, the efficiency of the WPT system can reach over 80%, while for the π + 1 mode, the efficiency can still reach 70%. Compared with MIT's work, the proposed system has the benefit of less leakage and radiation loss. Compared with the system based on DR with high dielectric constants, the system From the perspective of cost, the SR is made of metal and is inexpensive to manufacture compare to DR. In addition, the metal resonator is easy to package and integrate with high power devices.
A WPT system based on strapped resonators was proposed in this paper. With the proper excitation, two resonance modes, the π and π + 1 modes, can be excited inside the strapping resonator, which allows the WPT system to operate in dual-frequency mode. For the π mode, the efficiency of the WPT system can reach over 80%, while for the π + 1 mode, the efficiency can still reach 70%. Compared with MIT's work, the proposed system has the benefit of less leakage and radiation loss. Compared with the system based on DR with high dielectric constants, the system also has the advantages of higher power capacity and lower cost.
